sympathetic nerves regulate keratinocyte behaviors to promote hair growth, providing novel insights into stress-related, chemotherapy-, and radiotherapy-induced alopecia.
ral responses . The skin is also regulated by the SAM and hypothalamic-pituitary-adrenal axes and expresses elements of these axes, including proopiomelanocortin (POMC), corticotropin-releasing hormone (CRH), CRH receptor-1 (CRH-R1), and adrenoreceptors (AR) Slominski et al., 2007] . Stress-induced signals induce neurons to produce and release CRH. CRH then binds CRH-R1 and induces the release of POMC-derived adrenocorticotropic hormone, which stimulates glucocorticoid synthesis and secretion . Activation of the SAM axis increases the release of the neurotransmitters epinephrine and norepinephrine (NE) from the adrenal medulla and stimulates the sympathetic norepinergic nerves to promote further NE secretion [Glaser and Kiecolt-Glaser, 2005; StenerVictorin et al., 2005] . Past studies have focused on regulation of the skin by the hypothalamic-pituitary-adrenal axis. However, little is known about the SAM axis and specifically the sympathetic nerve.
Mammalian skin is composed of a pilosebaceous unit containing a hair follicle (HF) and its surrounding interfollicular epidermis (IFE) which together maintain skin homeostasis. Cells located in the IFE proliferate, migrate, and perform skin barrier functions. HF contain sebaceous glands that are formed from and replenished by resident stem cells (SC) located in the outer root sheath. Following HF degeneration, the resident SC differentiate into sebocytes, which release oils that lubricate the hair channel and skin surface [Blanpain and Fuchs, 2009; Slominski et al., 2012] .
As a component of the SAM axis, the sympathetic nerve can regulate wound healing by secreting neurotransmitters such as NE, a key mediator of cell proliferation, differentiation, and apoptosis [Yang et al., 2006] . Sympathetic nerve fibers are located between the blood vessels and HF and insert into the HF outer root sheath at the level of the bulge region, the probable reservoir of HF SC. In addition, some circumstantial evidence supports the involvement of sympathetic skin nerves in HF growth [Asada-Kubota, 1995; Peters et al., 2007] HF are circulating growth organs whose cyclic transformations consist of phases of growth (anagen), regression (catagen), and rest (telogen) Ito, 2010; Obeid et al., 2013] . The HF cyclic process is characterized by dramatic changes in skin physiology, with variations in CRH content, expression of POMC, production of POMC peptides, and expression of CRH-R1 and AR [Slominski et al., 1998 [Slominski et al., , 2005 [Slominski et al., , 2012 . Unlike the stages of the HF cycle in other mice, those in C57BL/6NCrlBR (C57BL/6) mice are macroscopically recognizable by a switch in skin color from pink to black/pink. Therefore, HF in C57BL/6 mice provide an ideal model system in which to examine the interactions between sympathetic nerves and the HF cycle [Muller-Rover et al., 2001] .
In previous reports, mouse keratinocytes and fibroblasts have been grafted onto the dorsal skin of nude mice using chamber, flap, or patch assays. Primary keratinocytes or fibroblasts cultured alone have failed to develop HF, but the combination of the two cell types has resulted in HF formation [Ouji et al., 2006; Liang et al., 2011] . In vivo, hair matrix keratinocytes proliferate when HF are in the anagen stage, whereas cells undergo apoptosis during the catagen stage [Muller-Rover et al., 2001; Blanpain and Fuchs, 2009] . Thus, normal hair growth requires a balance between keratinocyte proliferation and differentiation [Muller-Rover et al., 2001; Semenova et al., 2008; Miyata et al., 2014] .
In the present study, we hypothesized that the sympathetic nervous system regulates HF growth by modulating hair matrix keratinocyte proliferation. Using C57BL/6 mice, we administered the neurotoxin 6-hydroxydopamine (6-OHDA) to selectively destroy noradrenergic nerve fiber endings as a chemically induced model of sympathectomy. We also administered the β-AR antagonist propranolol (PR) to test the effect of β-AR stimula- tion on HF growth. Furthermore, we assessed keratinocyte proliferation using bromodeoxyuridine (BrdU) and Ki67 staining and developed an organotypic skin culture model to examine the role of NE on HF formation.
Abbreviations used in this paper

Materials and Methods
Animals
Ninety 4-week-old female C57BL/6 mice were purchased from the Guangdong Medical Laboratory Animal Center. The mice were housed and handled strictly in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All protocols were approved by the Bioethics Committee of the General Hospital of Guangzhou Military Command. Mice were randomly assigned to the following 3 groups in a 1: 1:1 ratio: 6-OHDA, PR, and control (CTR) (n = 30/group). All efforts were made to minimize suffering. We did not conduct research outside of our country of residence [Jia et al., 2013] .
Pharmacological Modulation of Sympathetic Nervous System
Signals PR (0.5 g/l; Sigma, Buchs, Switzerland) was administered into the drinking water of the mice in the PR group, whereas pure water was provided to the mice in the 6-OHDA and CTR groups. After 2 weeks, 6-week-old mice in the 6-OHDA group received intraperitoneal (i.p.) injections of 6-OHDA (Sigma) diluted in a sterile saline solution containing 0.01% L -ascorbic acid. A dose of 100 mg/kg of 6-OHDA was administered on the first day and 250 mg/ kg was given on subsequent days. 6-OHDA was injected at 8.00 a.m. and 8.00 p.m. on the day of administration every 2 days for 3 weeks. Six-week-old mice in the PR and CTR groups received i.p. injections of equal amounts of solvent (sterile saline solution containing 0.01% L -ascorbic acid).
Depilation
Depilation was conducted on the seventh day of 6-OHDA or solvent administration in mice (7 weeks old) over 20 g, as previously described [Gosain et al., 2006; Katayama et al., 2006] . Based on body weight, 28 mice were included in the 6-OHDA group, 28 in the PR group, and 30 in the CTR group. Mice were anesthetized via i.p. injection of 10% chloral hydrate (w/v, 0.002 ml/g of body mass; Sigma, St. Louis, Mo., USA) [Jia et al., 2013] . The back skin was shaved (area: 3 × 2.5 cm) and a depilatory cream (Veet, London, UK) was applied to areas where all HF were in the telogen stage for 3 min, as evidenced by homogeneous pink-colored skin [Jia et al., 2013] . Following the removal of the cream with humid gauze, the HF immediately and uniformly entered the anagen stage. A gray color was defined as the maker of the anagen stage [Muller-Rover et al., 2001] .
Skin Harvesting
Skin was harvested on days 1, 3, 5, 7, 9, and 14 after depilation. To detect HF epithelial proliferation, mice received i.p. injections of BrdU (0.2 mg/g of body mass; Sigma) 2 h before harvesting of the skin, as previously described [Zhang et al., 2011] . Mice were sacrificed via i.p. injection of a lethal dose of chloral hydrate. Two mice per group at a time were chosen at random and sacrificed.
The back skin from the neck region was harvested perpendicularly to the paravertebral line to obtain longitudinal HF sections. The middle dorsal skin (area: 1 × 0.5 cm) was carefully dissected and fixed in 4% paraformaldehyde. Residual samples were immediately frozen in liquid nitrogen and further processed for morphometric analyses as described below [Jia et al., 2013] .
Hematoxylin and Eosin Staining
The skins were dehydrated in a graded ethanol series, cleared in dimethylbenzene, and embedded in paraffin. Sections (5 μm) were deparaffinized with immersion in dimethylbenzene and rehydrated. Hematoxylin and eosin (H&E) staining was performed according to standard procedures [Jia et al., 2013] . Staining was visualized under an Olympus BX51 microscope. Three slices were obtained from each paraffin-embedded sample, and 6 slices were selected for staining within each group. Images were captured using ImageJ software, and 18 photomicrographs (magnification ×200) were randomly selected from each group to measure the HF length and skin thickness.
HF length was measured as the distance from the dermal papilla (DP) to the epidermis. Skin thickness was measured from the surface of the epidermis to the muscle. The mean length of all HF was calculated per photomicrograph. The mean skin thickness was calculated by dividing the area of the epidermis and the subcutis by the width of the photomicrograph [Hansen et al., 1984] .
Immunohistochemistry Briefly, the sections were deparaffinized with immersion in dimethylbenzene, rehydrated, heated in citrate buffer (0.01 M , pH 6.0) for 5 min at 100 ° C, and then treated with endogenous peroxidase (3% hydrogen peroxide solution) for 5 min at room temperature. After blocking in 10% goat serum for another 30 min at room temperature, the sections were immunostained with primary antibodies for Ki67 (1: 500; Abcam, Cambridge, UK) or BrdU (1: 500; Sigma) diluted in phosphate-buffered solution (PBS) containing 0.1% Tween-20 and 5% bovine serum albumin overnight at 4 ° C. To detect BrdU, the sections were incubated in 2 M HCl for 30 min at 37 ° C and in 0.1 M borate buffer for 10 min. The sections were then washed 3 times with PBST (PBS containing 0.1% Tween-20) and incubated with secondary antibodies, avidin-biotin-peroxidase complex, and DAB reagent [Zhang et al., 2011; Peng et al., 2013] . Subsequently, all sections were costained with hematoxylin and visualized under an Olympus BX51 microscope. Images were captured using ImageJ software, and 2 photomicrographs were randomly selected for each section. Positively stained cells were counted and are presented as a percentage of the total number of cells counted in the HF and in the different layers of epidermis [Cerqueira et al., 2014] . We counted ≥ 1,000 total cells in all photomicrographs based on blue hematoxylin staining.
Organotypic Skin Culture
To investigate the potential influence of NE on the HF cycle, we cultured skin from newborn mice. The middle dorsal skin of 12 newborn mice was harvested under sterile conditions and then transferred to 12-well plates coated with gelatin (Sigma) [Botchkarev et al., 1999] . These skins were cultured in Dulbecco's modified Eagle's medium (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco), 200 m M L -glutamine (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco) at 37 ° C under 5% CO 2 and 95% air [Peters et al., 2007] . Skins were treated for 3 days 2) or 5 μ M NE (Sigma) and then immediately fixed in 4% paraformaldehyde for longitudinal paraffin sectioning of the HF for H&E staining. For blocking experiments, 10 μ M PR or phentolamine was added to the skin cultures for 30 min before the addition of 5 μ M NE [Yang et al., 2006] . Three slices were obtained from each paraffin-embedded sample, and 6 slices were selected for staining from each group. Images were captured using ImageJ software, and 18 photomicrographs (magnification ×200) were randomly selected from each group to measure the HF length and skin thickness.
Statistical Analysis
Continuous variables were compared via one-way ANOVA and categorical variables via a χ 2 test. Data were analyzed using SPSS 13.0 software (IBM SPSS) and plotted as means ± SD. p < 0.05 was considered statistically significant. Experiments were repeated at least 3 independent times. Signals from the sympathetic nervous system promote HF to transition from the telogen stage to the anagen stage. Depilation was performed in mice treated with 6-OHDA (A-1) or PR (A-2) and CTR animals (A-3). a Representative images of skin color 1 and 14 days after depilation. b Percentage of mice exhibiting hair growth 1, 3, 5, 7, 9, 11, and 14 days after depilation. * p < 0.05. 
Results
Signals from the Sympathetic Nervous System Promote Normal Hair Growth
To investigate whether the sympathetic nervous system participates in HF cycling, we used chemical sympathectomy and depilation models. We administered i.p. injections of 6-OHDA to mice (6-OHDA group) to selectively destroy sympathetic nerve fiber terminals without affecting the cell bodies, thus leading to a reduction in catecholamine content. To distinguish between the 2 catecholaminergic pathways, we administered PR to the drinking water of mice for 3 weeks (PR group) [Katayama et al., 2006] . The HF of 6-to 8-week-old mice are initially in the telogen stage and then begin to cycle through the stages, accompanied by changes in skin color (telogen, pink; anagen, gray, and catagen, black) [Slominski et al., 1994; Muller-Rover et al., 2001; Stenn and Paus, 2001] .
Depilation of mice in the 6-OHDA, PR, and CTR groups induced a uniform pink skin color in all mice, indicative of the telogen stage ( fig. 1 a) . On days 3 and 5 after depilation, we did not observe a change in dorsal skin color. After 7 days, 4 out of 21 mice (19.1%) in the PR group and 6 out of 24 mice (25%) in the CTR group were gray in color, whereas none of the mice in the 6-OHDA group had changed color (p < 0.05; fig. 1 b) . On day 9 after depilation, only 2 out of 20 mice (10%) in the 6-OHDA group exhibited macroscopic signs of the anagen cycle (skin darkening). Conversely, 11 out of 19 mice (57.9%) in the PR group and 13 out of 22 mice (59.1%) in the CTR group displayed a deep-gray or black skin color at that time (p < 0.05; fig. 1 b) . The back skin of the remainder of the mice in all 3 groups remained pink, without evidence of de novo hair shaft formation. On day 11, we continued to find significant differences among the 3 groups (6-OHDA, 33.3%; PR, 76.5%, and CTR, 78.9%; p < 0.05; fig. 1 b) . On day 14, about two thirds of the 6-OHDAtreated mice displayed a gray dorsal skin color, whereas 82% of the PR-treated mice and 87% of the CTR mice demonstrated deep-gray or black skin ( fig. 1 a, b) . There was no difference in the number of mice that showed skin color changes among the 3 groups, but mice in the 6-OHDA group were lighter in color than the blackskinned mice, which even exhibited hair growth on the dorsal skin surface in the PR and CTR groups ( fig. 1 a) . The distribution of all mice among the 3 groups over time is listed in table 1 .
Many methods for HF stage classification have been reported [Slominski et al., 1994; Muller-Rover et al., 2001] . HF length and skin thickness are among the easiest parameters for assessing stage. We performed H&E staining to visualize HF and the skin and measure their length and thickness. On days 3, 5, 7, and 9 after depilation, the HF length and skin thickness of the mice in the PR and CTR groups were significantly greater compared to the values for mice in the 6-OHDA group (p < 0.05; fig. 2 ; table 2 ). The increase in skin thickness was accompanied by thickening of the subcutis, but the subcutis of mice in the PR and CTR groups was thicker than the subcutis of mice in the 6-OHDA group. When HF are in the anagen stage, the bulb can reach deep into the subcutis [MullerRover et al., 2001 ]. On day 9, the formation of new hair shafts was apparent in the PR and CTR groups but not in the 6-OHDA group ( fig. 2 a) . In addition, the DP appeared larger in the PR and CTR groups. Collectively, these results suggest that normal sympathetic nerve signals shorten the time between the telogen and anagen stages. Values are presented in micrometers as means ± SD. Total n = 54 (n = 18 per group). SK = Skin thickness. * Statistically significant difference compared to the CTR group (p < 0.05). 
The Sympathetic Nervous System Stimulates the Proliferation of Keratinocytes in the Epithelium and HF
We evaluated the proliferation of keratinocytes located in the back skin by BrdU incorporation. The number of BrdU-positive cells in the epidermal layer and HF increased gradually over 9 days after depilation. More BrdU-positive cells were observed in both the HF and the epidermal layer of mice in the PR and CTR groups compared to mice in the 6-OHDA group on days 3, 5, and 7 (p < 0.05; fig. 3 ). This finding suggests that the sympa- Sympathetic nerves regulate the proliferation of keratinocytes in HF. a BrdU immunohistochemistry was performed on skin samples harvested 3, 5, 7, and 9 days after depilation. More than 1,000 keratinocytes were counted. Scale bar = 100 μm. thetic nervous system enhances the proliferation of HF and epidermal keratinocytes. However, on day 9, more BrdU-positive cells were detected in the 6-OHDA group instead of the PR and CTR groups (p < 0.05; fig. 3 ; table 3 ). Ki67 is expressed in the nuclei of cells during different phases of the cell cycle, except in the G0 quiescent phase.
As such, Ki67 expression is routinely used as a measure of cell proliferation [Andre et al., 2015] . We used Ki67 staining to confirm our BrdU results. Five days after depilation, the number of Ki67-positive cells was consistent with the number of BrdU-positive cells in the HF for all groups (PR, 32%; CTR, 26%, and 6-OHDA, 13%; p < 0.05; fig. 3 ; table 4 ) .
NE Promotes the Initiation of HF in Cultured Neonatal Skin
The sympathetic neurotransmitter NE is released from the sympathetic nerve and regulates the biological activity primarily of α-AR and, to a lesser extent, of β-AR [Katayama et al., 2006] . Administration of 6-OHDA to mice induces a long-lasting chemical sympathectomy, resulting in the depletion of peripheral stores of NE [Gosain et al., 2006; Peters et al., 2007] . Previous studies have demonstrated NE depletions of approximately 95% in a variety of tissue beds following 6-OHDA treatment [Lorton et al., 1990; Kohm and Sanders, 1999; Gosain et al., 2006] . To further determine whether the sympathetic nervous system is involved in NE-mediated initiation of HF, HF formation in the dorsal skin of neonatal mice was examined in an organotypic skin culture model. The dorsal skins of neonatal littermates were cultured with NE or PBS for 3 days. To investigate which AR participate, skins cultured in the presence of NE were also pretreated with PR or phentolamine for 30 min each day. H&E staining revealed that significantly thicker skin and longer HF were present in skin samples treated with NE and phentolamine compared to those treated with PBS or PR ( fig. 4 ; table 5 ). Taken together, these results suggest that NE promotes the initiation of HF through α-AR
Discussion
Clinical and experimental evidence supports the involvement of sympathetic nerve fibers during hair growth. For example, the number of nerve fibers containing NE was increased during the early growth phase of the hair cycle in the dermis and the subcutis compared to the resting phase, declining again during the late anagen phase [Botchkarev et al., 1999] . Furthermore, a massive increase in the number of tyrosine hydroxylase-immunoreactive dermal nerve fibers accompanied by an increase in NE content was observed particularly in outer root sheath keratinocytes [Botchkarev et al., 1999] . The β2-AR agonist isoproterenol also accelerated HF growth in organotypic skin culture [Peters et al., 2007] . Values are presented as numbers of BrdU-positive cells over the total number of cells. EP = Epidermis. * Statistically significant difference compared to the CTR group (p < 0.05). Values are presented as numbers of Ki67-positive cells over the total number of cells. EP = Epidermis. * Statistically significant difference compared to the CTR group (p < 0.05). Vales are presented in micrometers as means ± SD. Total n = 72 (n = 18 per group). SK = Skin thickness. * Statistically significant difference compared to the CTR group (p < 0.05). Asada-Kubota [1995] further demonstrated that subcutaneous injections of 6-OHDA inhibited hair growth in neonatal mice. In the present study, we also found that chemical sympathectomy inhibited hair growth in adult C57BL/6 mice, lending further support to the concept that the sympathetic nervous system controls hair growth. Conversely, Peters et al. [2007] reported that subcutaneous injections of 6-OHDA induced a premature onset of anagen in the lower-back skin of C57BL/6 mice. We suspect that neurotransmitters play biological roles in concentration-dependent manners. For example, 750 n M NE significantly promoted corneal epithelial cell proliferation, whereas 100 μ M NE inhibited proliferation and 10 m M was toxic [Murphy et al., 1998; Grando et al., 2006] . Similar findings have been demonstrated for dopamine [Parrado et al., 2012; Langan et al., 2013] . In the study by Peters et al. [2007] , 6-OHDA (0.03 mg/g of body weight) was injected 1 time on the first and second days to selectively destroy NE-containing nerve endings. NE levels in the spleen decrease by about 95% immediately following 6-OHDA exposure and return to control levels within 56 days after exposure [Lorton et al., 1990; Kruszewska et al., 1995; Kohm and Sanders, 1999] . Thus, the NE levels in the mice of Peters et al. [2007] recovered within 20 days after exposure to 6-OHDA. However, we injected 6-OHDA every 2 days over 3 weeks. The NE levels began to recover on the last day of 6-OHDA administration. The different rates of NE recovery may account for the discrepancies between the two outcomes. Perpetual cycling of HF is coupled with macroscopic signs of skin color changes. Our findings show that depletion of NE stores from sympathetic nerve terminals via i.p. injection of 6-OHDA induced gradual hair growth on the back. Nine days after depilation-induced follicle growth, over half of the PR-treated and CTR mice exhibited a gray or black dorsal-skin color. In contrast, only 10% of the 6-OHDA-treated mice were gray, suggesting that NE may regulate hair growth.
NE Promotes the Growth of HF
HF present in different areas of the body produce hairs of different lengths, which are proportional to the duration of the anagen cycle [Danilenko et al., 1996; MullerRover et al., 2001] . For example, scalp HF remain in the anagen stage for 2-8 years to produce long hair, whereas eyebrow HF enter the anagen stage for only 2-3 months . We found that HF in PR-treated and CTR mice were significantly longer than those in 6-OHDA-treated mice. On days 3, 5, 7, and 9 after depilation, the skin was also obviously thicker, further suggesting that NE is a major determinant of hair growth. Kim et al. [2013] found that collagen synthesis increased in thicker skin during the anagen stage, suggesting that collagen promotes, and may even initiate, hair growth. However, determining the mechanisms that orchestrate HF transitions between these 3 stages remains one of the key challenges in hair research.
The HF develops from the embryonic epidermis as an epithelial finger [Fusenig et al., 1994; Botchkarev and Fessing, 2005; Zhang et al., 2008] . The balance between proliferation and apoptosis of keratinocytes in the HF maintains the regenerative capacity of hair [Muller-Rover et al., 2001; Bollag, 2012] . It has been previously reported that NE stimulates keratinocyte proliferation in vitro [Murphy et al., 1998 ]. Additionally, there is in vivo evidence for sympathetic stimulation of corneal epithelial proliferation [Reidy et al., 1994; Kim et al., 2014] . In this study, the number of proliferating cells, as marked by BrdU or Ki67 positivity, was significantly reduced in sympathectomized animals compared to PR-treated or CTR mice, which could have directly influenced the slower hair growth observed in the 6-OHDA group. When the HF is in the late stages of the anagen cycle, keratinocyte proliferation decreases [Muller-Rover et al., 2001 ]. Therefore, more proliferating keratinocytes were observed in 6-OHDA-treated mice 9 days after depilation. Keratinocytes secrete many different growth factors, such as neurotrophin, fibroblast growth factor (FGF)-1, FGF-2, FGF-10, keratinocyte growth factor, and platelet-derived growth factor, all of which have been shown to promote hair growth [Guo et al., 1996; Grewe et al., 2000; Botchkarev et al., 2006; Barrientos et al., 2008; Lin et al., 2015] . We also found that increased keratinocyte proliferation in PR-treated and CTR mice results in more cells in the skin (data not shown). Further studies to identify how growth factors secreted by keratinocytes promote hair growth are necessary.
HF contain quiescent SC located in a structure termed the bulge (Bu-SC), and more activation-prone SC are anatomically located immediately below the Bu-SC in the hair germ (HG) ( fig. 5 a) . Activated SC in the HG proliferate and differentiate into transit-amplifying cells (TAC) that form a matrix structure and eventually give rise to the differentiated cells of the HF ( fig. 5 b) . SC in the HF have been demonstrated to be regulated by numerous cellular sources, most prominently by cells located in the DP. Activated SC in the HG receive proliferative signals, possibly from the DP, and differentiate into TAC [Kalaitzidis and Scadden, 2014] . Hsu et al. [2014] showed that signals emanating from TAC directly stimulate the proliferation of Bu-SC as well as the DP, creating a positive feedback loop for TAC production and facilitating proper HF regeneration. In this study, we observed greater numbers of cells in the TAC area of PR-treated and CTR mice than in sympathectomized animals ( fig. 5 c) . Thus, TAC may act as effectors of sympathetic nerve signals to regulate hair growth, but further studies are needed to confirm our hypothesis.
A recent study reported that topical application of the α-adrenergic vasoconstrictors epinephrine or NE to the skin of neonatal rats before a considerable radiation or chemotherapeutic insult prevented up to 100% of the alopecia observed in CTR animals [Soref and Fahl, 2015] . Chemotherapy-induced alopecia may be attributed to peripheral neurotoxic effects Dietrich et al., 2015] , thus explaining why application of epinephrine or NE suppressed alopecia. We found that hair growth was inhibited in sympathectomized animals and hair growth proceeded in animals with a normal sympathetic nervous system, suggesting that normal hair growth requires NE, consistent with past findings. Our finding that NE stimulated HF progression in an organotypic skin culture model further confirmed the effect of NE. Our finding that NE stimulated HF progression in an organotypic skin culture model is consistent with the inhibited hair growth observed in sympathectomized animals. The organization and function of human and murine HF are similar -both contain the same principal cell types and undergo repetitive cycling that alternates between the anagen, catagen, and telogen phases [Oh et al., 2016] . However, significant interspecies differences exist. The recent establishment of 3-D spheroid culture of DP cells has provided an attractive model in which to investigate human hair without the limitations of human sampling [Higgins et al., 2013] .
In summary, this study provides suggestive evidence that sympathetic nerves regulate keratinocyte behaviors to promote hair growth. The underlying mechanisms and signaling pathways are complicated and require further investigation. However, our findings offer a new perspective for understanding stress-related, chemotherapy-, and radiotherapy-induced alopecia. Furthermore, targeted pharmacologic manipulations of adrenergic signaling pathways in the skin may represent novel strategies for modulating hair growth in health and disease. b HG-SC proliferation leads to the production of TAC and downward expansion of the HF area. Signals emanating from TAC directly stimulate Bu-SC and DP proliferation, which feeds back on TAC production, resulting in proper HF regeneration. c BrdU staining was performed on skin samples from mice treated with 6-OHDA or PR or CTR animals. The dotted lines indicate the area of TAC in a single HF. Scale bars = 100 μm.
